With the newer techniques of culture analysis such as the BACTEC 9240 fluorometric detection system, detecting bacteremia in the neonate may be possible in a significantly shorter time. We hypothesized that neonatal bacteremia can be detected in less than 48 hours by this method.
There has been a great deal of effort on the part of researchers and clinicians alike trying to distinguish between those infants who have bacteremia and those who do not. While the overall incidence of neonatal bacteremia is low (1 to 10 per 1000 live births), 1,2 the infection rate in children's hospital neonatal intensive care units (NICUs) range from 22% to 30% with a mean of 24%. 3 Also, the mortality of infected infants can be quite high (17% to 47%). 4 As a result, antibiotic usage in many NICUs may approach 100%. Even in the outpatient setting, the probability of serious bacterial infection in febrile infants less than 12 weeks of age is 8.6%, and the probability of bacteremia is 2%. 5 Neonates, however, especially those who are premature, potentially have deficiencies in most arms of the immune system, including complement, immunoglobulin production, opsonic functions, and phagocytic capability, that may place them at even greater risk. 6 Many also have indwelling central venous catheters or integumentary breakdown and have been on prolonged ventilation. As a result, they may succumb to infection rapidly and without specific signs and symptoms. In an effort to diagnose neonatal sepsis, Gerdes 7 discussed multiple risk factors and signs to better define the potentially septic infant. Symptoms and signs such as feeding intolerance, hypothermia, jaundice, and "not looking right" have all been markers for the suspicion of neonatal sepsis. As a result, the physician has a multitude of nonspecific signs and symptoms to put in context with patient and maternal histories. Unfortunately, research thus far has failed to give us a system that has proven to be 100% sensitive and specific. Thus, the febrile neonate must undergo the "rule out sepsis" work-up. It is appropriately named, as physician's must prove that there is no sepsis. This "rule out sepsis" work-up may consist of a battery of expensive tests, including cultures of blood, urine, and cerebral spinal fluid. Quite possibly, depending on the attending physician, a complete blood count, C-reactive protein, and erythrocyte
Current Concepts
sedimentation rate may be added to the work-up. Invariably, all suspected infants are administered parenteral antibiotics until their cultures are confirmed negative. The gold standard for the diagnosis of neonatal sepsis is the blood culture. Traditionally, in most hospitals and NICUs, because of the work done by Picichero and Todd in 1979, 8 physicians have continued antimicrobial therapy for 72 hours until all cultures were confirmed negative. The authors, through a retrospective study, showed that 96% of blood cultures drawn from potentially septic infants were positive by 48 hours and 98% were positive by 72 hours. 8 Thus, until rather recently, following the cultures for a minimum of 72 hours has been observed quite religiously.
Newer methods of detecting bacteremia through blood culture studies have emerged and are proven to be most promising with better sensitivity and specificity, while not sacrificing time. Hurst, 9 in August of 1995, through a retrospective study, showed that 100% of neonatal cultures and 99% of all infant cultures were positive within 48 hours using the BacT/Alert Microbial Detection System (Becton Dickinson Microbiology Systems; Sparks, MD) (correcting for possible contaminants). Garcia-Prats 10 also reported, in a retrospective study, that using the ESP Blood Culture System (Becton Dickinson, Franklin Lakes, NJ), 97% of initial cultures were detected positive by 24 hours. Additionally, Schelonka, 11 in August of 1996, showed that the BacT/ Alert system was 100% sensitive when compared with plated subcultures and that the sensitivity of detection of low colony count bacteremia was dependent on the sample size and organism type.
Our original hypothesis was that using the BACTEC system (Becton Dickinson) we could detect neonatal bacteremia within 48 hours, thereby avoiding unnecessary risks of antibiotic administration during the traditional 72-hour period in our high-risk NICU infants.
STUDY DESIGN
In our retrospective study, all cultures were analyzed by the BACTEC 9240 Rapid Detection System using the PEDS Plus culture bottles and media. This system of culture detection is different from the radioimetric methods of detection and the older methods of detection in which the cultures were checked every 12 to 24 hours for turbidity. This system detects the release of carbon dioxide from microorganisms by a reaction with a fluorescent dye found in the vial sensor. Light-emitting diodes behind the vials illuminate the racks of vials, activating the vial's fluorescence sensors, which are then read by a fluorescence detector. The amount of fluorescence resulting from this interaction between the dye, CO 2 , and light-emitting diodes is proportional to the amount of CO 2 produced. When CO 2 is detected, an alarm is triggered in the computer notifying laboratory staff of a positive culture. A test cycle of all racks of vials is conducted every 10 minutes. Potentially, culture detection can be made in a matter of hours, rather than days, and may be Gram-stained and plated for earlier identification and susceptibility testing.
We retrospectively looked at 613 blood cultures, representing 325 infants who were patients at Children's Hospital of Wisconsin's NICU, who were drawn during the period of August 1, 1995 to March 18, 1996. Cultures were either obtained in conjunction with a sepsis workup, as follow-up to a sepsis work-up, or were routine cultures through a central line. Names, dates, medical record numbers, and organism identifications of positive cultures were obtained from the microbiology computer system. These data were then compared with the corresponding information within the medical records. All data surrounding the culture were reviewed, including complete blood count, events surrounding the sepsis work-up, and corresponding treatment of the infected infant. Infants were determined to have bacteremia if they met the following criteria: (1) having two positive blood cultures, with the same organisms, taken either at the same time or in follow-up and (2) having a single positive blood culture and responding clinically to appropriate antibiotic therapy. Cultures were considered contaminants only if the attending physician treated it as such. Those cultures considered contaminants were not excluded from the "time to detection" data analysis because they made no statistical difference in the detection times.
Approximate volumes of 0.3 to 1.0 ml of blood were obtained per NICU protocol from each infant culture and placed into a BACTEC PEDS Plus culture vial. In most infants, a set of two cultures were obtained-aerobic and anaerobic (BACTEC Lytic culture vial). The aerobic vials contain 40 ml of processed water, Soybean-Casein Digest broth, yeast extracts, and various resins. The anaerobic vials are of similar composition but contain pre-reduced enriched SoybeanCasein Digest broth with CO 2 . After cultures were drawn and placed in the culture media, they were immediately placed into the BACTEC instrument. All positive cultures were Gram-stained and plated for identification and susceptibility testing.
RESULTS

Culture Isolates
There were 613 blood cultures drawn in Children's Hospital of Wisconsin's NICU from August 1, 1995 to March 18, 1996, representing 325 infants. Of those, 48 (15%) blood cultures were positive for bacteria. One of the cultures grew Candida albicans. Thirty bacterial blood cultures were drawn during initial work-up, and 18 were drawn as follow-up to the original positive cultures while on antibiotic therapy. Three were considered as contaminants by the attending physician. Twenty-four blood cultures were obtained on initial evaluation while not on antibiotics at or near the time of culture. Six of the cultures were initially obtained during or around the time of antibiotic administration (within 24 hours). Of the total 49 organisms isolated, coagulase-negative staphylococci (n ϭ 31; 64%) was the most common organism, followed by viridans streptococci (n ϭ 7; 14%), Escherichia coli (n ϭ 4; 8%), Enterococcus sp. (n ϭ 2; 4%), Pseudomonas sp. (n ϭ 2; 4%), Klebsiella sp. (n ϭ 1; 2%), Enterobacter sp. (n ϭ 1; 2%), and C. albicans (n ϭ 1; 2%). Of the 30 bacterial cultures isolated during the initial sepsis work-up, 17 (58%) were coagulase-negative staphylococci, 6 (20%) viridans streptococci, 3 (10%) E. coli, 1 (3%) Enterobacter sp., 1 (3%) Enterococcus sp., 1 (3%) Klebsiella sp., and 1 (3%) Pseudomonas sp. (Figure 1 ).
Time to Detection
The average time to initial detection, by bacterial species, of cultures taken from infants not on antibiotics at the time of culture, revealed the following: coagulase-negative staphylococci, 21.7 Ϯ 5.1 hours; viridans streptococci, 15.6 Ϯ 8.1 hours; E. coli 7.5 Ϯ 0.7 hours; Enterococcus sp., 12 hours; Enterobacter sp., 5 hours; Klebsiella pneumoniae, 10 hours; and Pseudomonas aeruginosa, 12 hours. The time to initial detection of those bacterial isolates from infants who were not on antibiotics around the time of culture (Ն24 hours) revealed that, at 12 hours 9 of 24 (38%) were positive, at 18 hours 13 of 24 (54%) were positive, at 24 hours 17 of 24 (71%) were positive, and at 30 hours 24 of 24 (100%) were positive. The time to detection of blood cultures of infants on antibiotics at or near the time of culture (Յ24 hours) revealed that, at 12 hours 2 of 24 (8%) were positive, at 18 hours 6 of 24 (25%) were positive, at 24 hours 12 of 24 (50%) were positive, at 30 hours 16 of 24 (67%) were positive, at 36 hours18 of 24 (75%) were positive, at 48 hours 21 of 24 (88%) were positive, at 60 hours 22 of 24 (92%) were positive, and by 102 hours 24 of 24 (100%) were positive. There was a statistically significant difference between the two groups when compared by the Fisher's test at 30 hours ( p ϭ 0.006) and at 36 hours ( p ϭ 0.02). (Figure 2 ) All the other time periods when compared revealed no statistically significant difference. Empirical therapy for infants varied except those with central lines. Infants having central lines were started empirically on vancomycin and cefotoxime. Although organism sensitivities were not a focus of the study, all cultures yielding coagulase-negative staphylococci were sensitive to vancomycin.
Comparisons of Infected Neonates
Comparisons of infants with positive cultures were made using gestational age, birth weight, culture isolate, and complete blood counts drawn within 24 hours of culture. There was no statistical significance in the total white blood cell counts between those infected with Grampositive (12.2 Ϯ 8.8) and Gram-negative organisms (13.3 Ϯ 5.8). There was, however, a statistically significant difference in the immature to total polymorphonucleocyte ratio (I:T) between those infants infected with Gram-positive organisms (I:T ϭ 0.10 Ϯ 0.1) and those infected with Gram-negative organisms (I:T ϭ 0.32 Ϯ 0.19) ( p Ͻ 0.001). There was no statistically significant difference in birth weight and postnatal age between those infants infected with Gram-positive organisms (birth weight, 2234 Ϯ 1405 gm; postnatal age, 32.3 Ϯ 11.3 weeks) and those infected with Gram-negative organisms (birth weight, 2149 Ϯ 1130 gm; postnatal age, 22 Ϯ 20.5 weeks). The time to detection between Gram-positive organisms (19.7 Ϯ 6.4 hours) and Gram-negative organisms (8.5 Ϯ 3.1 hours) was statistically significant ( p ϭ 0.02). The above data were compared using a twotailed Student's t test and allowing for multivariate comparisons ( Table 1) . Comparisons of infants with negative cultures and those with positive cultures could not be made due to unavailability of the culture-negative infant data.
Of the 25 infants whose cultures were positive, 3 (12%) had recurrent infections during their stay in our NICU. Of the 28 infections, 17 (61%) were considered central line infections; 4 (14%) were associated with necrotizing enterocolitis; 2 (7%) were associated with postoperative bowel perforations; 2 (7%) were considered urosepsis; and 3 (11%) were associated with either a ventriculo-peritoneal shunt infection, Blalock-Taussig shunt infection, or tracheitis.
Signs and Symptoms
Of the 28 infections, 25% presented with temperatures Ն38.0, whereas 4% presented with temperature instability. Those infants who had respiratory distress, cyanosis, desaturations, or apnea composed 25%. Infants who were considered irritable composed 11%. Ten per- cent had bloody stools, whereas 21% were considered to have feeding intolerance or abdominal distention. Metabolic acidosis and shock occurred in 18%, whereas 7% had no particular symptoms or signs. Forty-three percent of the infected infants presented with multiple symptoms.
DISCUSSION
Clinically detecting neonatal sepsis will always prove to be difficult because of the nonspecific symptoms and signs of infected infants. As exemplified above, the infants studied presented with a spectrum of symptoms from subtle signs to overwhelming shock. We also found that only 15% of all cultures taken during the time studied were positive. In addition, we found little correlation between birth weight, gestational age, and white blood cell count between those infants infected with Gram-positive and Gram-negative organisms. We did find, however, that there was a significant difference in the I:T ratio between those infants with Gram-negative and Gram-positive infections. Yet, even with the above data and knowledge of risk factors, algorithms, and signs of infections, we as clinicians rely heavily on the results of our positive cultures. Having a reliable method of rapid and sensitive detection that yields results that affect treatment through continuous monitoring is invaluable.
There are multiple factors influencing the detection of bacteremia via a blood culture: First, increasing the volume of blood sampled increases the chance of detection. [11] [12] [13] Weinstein and Mirrett 12 showed that 10 ml significantly increases the overall yield of a blood culture compared with 5 ml. This volume, however, in a neonate is far too great and may exceed 10% to 15% of blood volume in a very low birth weight infant. The range of 0.5 to 1.0 ml has been the accepted practice in neonates but is known to miss low-level bacteremias. 13 Second, the size of inoculum may influence detection. Infants have higher colony counts per volume which allow smaller blood volumes to be sampled. However, low-level bacteremia (10 CFU/ml) may go undetected. Although there has been a statistically significant difference in the time to detection of bacteria at low colony counts, Schelonka showed that the clinical difference is not significant. He also demonstrated favorable positivity indices for low-level (5 CFU/ml) colony counts using the BACTEC colorimetric system (a system similar to the BACTEC 9240 fluorometric detection system).
11 Third, the type of pathogen influences detection. Our study and those of others [11] [12] [13] have shown a difference in the yield and time to detection as a function of the infecting pathogen. In the present study, generally, Gram-negative organisms grew faster than Gram-positive ones. Determining whether this is due to the sample size, degree of illness of the infant, or a factor of the doubling time of the organism, makes it difficult to speculate. The presence or absence of antibiotics at or near the time of culture affects detection as well. When including those infants on antibiotics at the time of culture, the time to detection for 100% recovery, extended from 30 hours to over 102 hours. We also found a statistically significant difference in the time of detection of cultures drawn at 30 hours ( p ϭ 0.006) and 36 hours ( p ϭ 0.02) between infants on antibiotics at (Յ24 hours) the time of culture and those who were not. Finally, the medium and method used for detection plays a significant roll in the detection of blood cultures. The PEDS Plus culture vial and medium in combination with the BACTEC radiometric systems have been shown to have an advantage for pediatric specimens. 13 We have shown the ability of the BACTEC 9240 instrument to detect bacteremia within 30 hours. It has also recently been shown to be superior to DNA probe technology by Hertz and Fuller.
14 In addition, Schelonka 11 showed that their instrument was 100% sensitive when compared with plated cultures. Apparently, then, sensitive and rapid detection depends on volume of blood taken, size of inoculum, pathogen, antibiotic use, medium, and methods of detection. The BACTEC 9240 system using the PEDS Plus media proves to be an excellent method of early detection of neonatal bacteremia even when considering the above variabilities.
Finally, we found that coagulase-negative staphylococci was the most common pathogen isolated in the Children's Hospital of Wisconsin NICU. This appears consistent with the finding of other researchers. 3 Not suprisingly, with the development and increased use of central catheters, prolonged mechanical ventilation, lower birth weights, and the use of steroids, once thought low-virulent organisms are now becoming more common threats.
SUMMARY/SPECULATION
Previous reports have suggested that 98% to 100% of cultures are reported positive in 48 hours. 9, 10 This is the first study to our knowledge to report 100% detection of bacteria in blood cultures within 30 hours for infants who were not on antibiotics at the time of culture. This opens the door for new approaches to the treatment of the potentially bacteremic and bacteremic neonate. Rather than waiting 72 hours for culture results to be finalized, clinicians now may wait no longer than 36 hours for having reliable results. And now, through continuous monitoring, positive cultures may be reported to the attending physician, at any time, for proper tailoring of appropriate antimicrobial therapy. Such a system, of course, would require 24-hour availability of laboratory staff to appropriately report results to attending physicians in a timely manner. Potentially, stable infants, with early identified positive cultures, can be discharged sooner and complete their appropriate course of therapy at home. On the other hand, with infants having negative cultures by 36 hours, physicians can confidently terminate antibiotic use and/or discharge if clinical condition allows. We believe that a prospective trial addressing these issues is safe and necessary. Early treatment, early diagnosis, and tailoring of appropriate antimicobial therapy as such will reduce morbidity from potentially harmful antibiotic side effects, risk of nosocomial infection, hospital cost, and the cost of delayed maternal/ infant bonding. We conclude that the BACTEC 9240 fluorometric detection system, in conjunction with clinical analysis, appropriate sample volumes, and culture media, can detect bacteremia, even in the high-risk neonate in less than 36 hours. Consequently, this allows
